We show that highly efficient depletion of sphingolipids in two different cell lines does not abrogate the ability to isolate Lubrol-based DRMs (detergent-resistant membranes) or detergent-free lipid rafts from these cells. Compared with control, DRM/detergent-free lipid raft fractions contain equal amounts of protein, cholesterol and phospholipid, whereas the classical DRM/lipid raft markers Src, caveolin-1 and flotillin display the same gradient distribution. DRMs/detergent-free lipid rafts themselves are severely depleted of sphingolipids. The fatty acid profile of the remaining sphingolipids as well as that of the glycerophospholipids shows several differences compared with control, most prominently an increase in highly saturated C 16 species. The glycerophospholipid headgroup composition is unchanged in sphingolipid-depleted cells and cell-derived detergent-free lipid rafts. Sphingolipid depletion does not alter the localization of MRP1 (multidrug-resistance-related protein 1) in DRMs/detergent-free lipid rafts or MRP1-mediated efflux of carboxyfluorescein. We conclude that extensive sphingolipid depletion does not affect lipid raft integrity in two cell lines and does not affect the function of the lipid-raft-associated protein MRP1.
INTRODUCTION
Lipid rafts have been established as an important feature in cell membranes with regard to signal transduction, cell adhesion and protein sorting [1] . The physical properties of these membrane microdomains are distinct from those of the surrounding membrane. This is generally considered to be the result of a different lipid composition in these domains compared with the surrounding membrane. Membrane microdomains are enriched in cholesterol and sphingolipids with a high degree of saturation in their fatty acyl chains. The presence of these lipids is thought to stabilize membrane domains, because of the ability of saturated sphingolipids and cholesterol to pack tightly in the plane of the membrane [2, 3] . In model membranes, cholesterol induces tight packing of sphingolipids into a liquidordered state. It is not known how membrane microdomains arise in cells, but it is likely that this process is initiated by smallscale protein-lipid interactions followed by an increase in domain size because of protein-protein interactions [4] . Lipid rafts in cells are operationally defined as complexes of molecules that are insoluble at low temperature in detergents, such as Lubrol and Triton X-100 [5, 6] . We refer to these isolated lipid rafts as DRMs (detergent-resistant membranes). Most studies on the occurrence, properties and functions of lipid rafts in cells rely on the use of detergents for their isolation, but detergent-free isolation methods have also been developed [7] . In the present paper, we use the term detergent-free lipid rafts exclusively for membrane domains isolated using the detergent-free isolation procedure. Finally, the term lipid raft is only used in the present paper to refer to the theoretical concept of membrane microdomains, according to the hypothesis based on a body of literature [8] .
ABC (ATP-binding cassette) transporter proteins, such as Pgp (P-glycoprotein) (or ABCB1) and MRP1 (multidrug-resistancerelated protein 1) (ABCC1) have been associated with DRMs. Originally Pgp was localized in caveolae [9, 10] , but later studies showed localization of both Pgp and MRP1 in non-caveolar DRMs [11, 12] . Both ABC transporters were more strongly enriched in Lubrol-based DRMs compared with Triton X-100-based DRMs [11] . Given their localization in DRMs, the function of ABC transporters may well be dependent on or modulated by sphingolipids and/or cholesterol. Indeed, some evidence exists for modulation of Pgp function by cholesterol and involvement of DRMs in this process [13, 14] . Concerning a role for sphingolipids in modulation of ABC transporter function, several hypotheses exist, but a coherent picture has not yet emerged. In MDR (multidrug-resistant) cells overexpressing Pgp or MRP1, several changes in sphingolipid metabolism have been observed, including accumulation of GlcCer (glucosylceramide). The latter has been related to increased GCS (glucosylceramide synthase) (also known as UDP-glucose:ceramide glucosyltransferase) activity [15] . Because GCS is responsible for metabolic removal of Cer (ceramide) from the sphingolipid pool, an increased activity of this enzyme is beneficial to tumour cells that are under stress of cytostatics or other stress factors that induce Cer formation and subsequent apoptosis. On the other hand, enhanced GlcCer formation may be part of a more comprehensive response involving up-regulation of the total glycolipid pool, including gangliosides. The latter may be involved in MDR, either related to or independent of ABC transporters [16] . One study described that gangliosides activate Pgp through modulation of its phosphorylation state [17] . Another study reached the conclusion that gangliosides are not involved in modulation of ABC transporter localization and function [18] .
Most evidence for a role of lipid rafts in cell function is based on studies showing DRM association of proteins and modulation of function of such proteins by procedures aimed at removing or modifying membrane cholesterol, such as methyl-β-cyclodextrin treatment [19] . Only a few studies (for example [20] ) have employed depletion of sphingolipids as a means to perturb lipid raft association of proteins, even though sphingolipids are widely recognized as important building blocks of lipid raft membranes. In the present study, we investigated the role of sphingolipids in the integrity of DRMs in two different cell lines and showed that highly efficient depletion of these lipids from cells and DRMs does not abrogate the ability to isolate DRMs employing Lubrol. DRM integrity was confirmed by protein content and gradient distribution of the classical DRM markers Src, Cav-1 (caveolin-1) and flotillin. In addition, detergent-free lipid rafts could be isolated from sphingolipid-depleted cells. Again, no effects on lipid raft integrity were observed upon sphingolipid depletion, as indicated by similar protein, cholesterol and phospholipid content and lipid raft marker distributions compared with lipid rafts from control cells. The fatty acid profile of the remaining sphingolipids as well as that of the glycerophospholipids showed several changes compared with control in whole cells and detergent-free lipid rafts, most prominently towards highly saturated short-chain species.
Sphingolipid depletion did not affect MRP1 localization in DRMs/detergent-free lipid rafts or MRP1 efflux activity. We conclude that very low levels of sphingolipids are sufficient to sustain DRM/detergent-free lipid raft integrity as well as MRP1 localization in lipid rafts and its efflux activity.
MATERIALS AND METHODS

Materials
MK571 was a gift from Professor A.W. Ford-Hutchinson (Merck-Frosst, Kirkland, Canada). All cell culture plastic was from Corning. Cell culture media, HBSS (Hanks balanced salt solution), antibiotics, L-glutamine, sodium pyruvate and trypsin were from Gibco. FBS (fetal bovine serum) was from Bodinco.
L-[U-
14 C]Serine was purchased from GE Healthcare. HPTLC (high-performance TLC) plates were from Merck. C 12 -fatty acid homologues of Cer, SM (sphingomyelin), GlcCer and LacCer (lactosylceramide) were from Avanti Polar Lipids. Gangliosides were purchased from Alexis Biochemicals. CFDA (5-carboxyfluorescein diacetate) and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] were from SigmaAldrich. Lubrol was obtained from Serva. ISP-1 was from Biomol Research Laboratories. Lipofectamine TM 2000 reagent, Silencer Select Pre-designed siRNA (small interfering RNA) for SPTLC (serine palmitoyltransferase long-chain base subunit) 1 and SPTLC2 were purchased from Invitrogen. OptiPrep was from Axis-Shield PoC AS. The rat monoclonal anti-MRP1 antibody was obtained from Signet Laboratories. The polyclonal anti-Cav-1 antibody and the monoclonal anti-flotillin antibodies were from Transduction Laboratories. The polyclonal anti-cSrc antibody was from Santa Cruz Biotechnology. Purified mouse anti-LCB (long-chain base subunit) 1 was purchased from BD Transduction Laboratories. Anti-(serine palmitoyltransferase) antibody (detecting LCB2) was from Abcam.
Cell culture
The murine neuroblastoma cell line Neuro-2a was purchased from the A.T.C.C. (Manassas, VA, USA). These cells were grown as adherent monolayer cultures in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10 % FBS, 100 units/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine and 1 mM sodium pyruvate, under standard incubator conditions (humidified atmosphere, 5 % CO 2 , 37
• C). The BHK (baby hamster kidney) cell line stably expressing the human MRP1/ABCC1 gene, BHK/MRP1(ABCC1), was a gift from Dr Riordan (Mayo Clinic Arizona, S.C. Johnson Medical Research Center, Scottsdale, AZ, U.S.A. [21] ). These cells were grown as adherent monolayer cultures in DMEM/nutrient mixture F-12 (1:1) supplemented with 10 % FBS, 100 units/ml penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine, under standard incubator conditions. The BHK/MRP1 cells were kept under selective pressure by growing them in the presence of 100 μM methotrexate.
Isolation of DRMs
DRM fractions were isolated from cells as described in [22] . For each isolation, confluent cells from two 75 cm 2 flasks were washed once with TNE buffer (20 mM Tris/HCl, pH 7.4, 150 mM NaCl and 1 mM EDTA) and harvested by scraping in 2 ml of ice-cold TNE buffer containing 0.5 % Lubrol and protease inhibitors. After 30 min of incubation on ice, cells were homogenized by passing the lysate 20 times through a 25-gauge needle. Then 2 ml of the lysate was transferred to a centrifuge tube and mixed with 2 ml of 80 % (w/v) sucrose in TNE. On top of this, 4 ml of 35 % (w/v) and 3 ml of 5 % (w/v) sucrose in TNE were successively loaded, resulting in a discontinuous gradient. Gradients were centrifuged in a Beckman SW41 swing-out rotor at 40 000 rev./min for 18-20 h at 4
• C. A total of 11 fractions of 1 ml each were collected (from top to bottom), vortex-mixed and stored at −80
• C. The protein content [23] of all fractions was measured using BSA as a standard.
Isolation of detergent-free lipid rafts
Detergent-free lipid rafts were isolated as described in [7] . The whole procedure was performed on ice. In short, confluent cells of two 75 cm 2 flasks were washed with base buffer (20 mM Tris/HCl, pH 7.8, and 250 mM sucrose) supplemented with 1 mM CaCl 2 and 1 mM MgCl 2 . The cells were collected by scraping in this solution and centrifuging at 250 g for 2 min. The resulting pellet was suspended in 1 ml of base buffer supplemented with 1 mM CaCl 2 , 1 mM MgCl 2 and protease inhibitors. After homogenization by passage through a 25-gauge needle 20 times, another centrifugation step at 1000 g for 10 min followed. The resulting PNS (post-nuclear supernatant) was collected and transferred to a separate tube. The pellet was homogenized again in 1 ml of base buffer supplemented with 1 mM CaCl 2 , 1 mM MgCl 2 and protease inhibitors, sheared through the needle 20 times and centrifuged at 1000 g for 10 min. The second PNS was combined with the first. Protein content of the combined PNS was determined [23] and samples were processed for gradient analysis based on equal amounts of protein, adjusted to 2 ml volumes. Subsequently, 2 ml of base buffer containing 50 % OptiPrep was added to this 2 ml of PNS. By using a gradient mixer, an 8 ml gradient of 0-20 % OptiPrep in base buffer was poured on top of this 4 ml in a centrifugation tube. After centrifugation at 22 000 rev./min for 90 min at 4
• C in a Beckman SW41 rotor, fractions of 1.34 ml were collected (from top to bottom) and stored at −80
• C. The protein content [24] of all the fractions was measured using BSA as a standard.
Analysis of cholesterol and phospholipid content
Lipids were extracted from detergent-free lipid raft fractions [25] . In the extract, the cholesterol concentration was determined spectrophotometrically using a cholesterol oxidase/peroxidase assay [26] . The phosphorus content, as a measure for the phospholipid content in the fractions, was determined using a phosphate assay [27] .
Equilibrium radiolabelling and analysis of cellular sphingolipids
Sphingolipid pools were metabolically radiolabelled by growing the cells for 72 h in the presence of L-[U-
14 C]serine (0.5 μCi/ml), a precursor molecule for sphingolipid biosynthesis. Cells were harvested by scraping and were centrifuged at 900 g for 5 min, followed by lipid extraction from the cell pellet [25] . Aliquots of the lipid extracts were taken for determination of the total amount of lipid-incorporated radioactivity. Glycerolipids were hydrolysed during a 1 h incubation at 37
• C in chloroform/methanol (1:1, v/v) containing KOH (0.1 M). The remaining lipids were reextracted and applied on to HPTLC plates. Plates were developed in chloroform/methanol/water (14:6:1, by vol.) in the first dimension. Plates were then sprayed with 2.5 % (w/v) boric acid in methanol and developed in chloroform/methanol/25 % (w/v) NH 4 OH (13:7:1, by vol.) in the second dimension. After autoradiography, GlcCer-, LacCer-and SM-containing spots were identified with the aid of standards and scraped from the plates. Plates were then developed in the second dimension, but now in the reverse direction, in chloroform/acetic acid (9:1, v/v). Plates were dried and, after staining in I 2 vapour, Cercontaining spots were scraped. Radioactivity was measured by scintillation counting (Packard Topcount microplate scintillation counter). Levels of a specific lipid class were expressed as d.p.s. incorporated in that specific lipid class per 10 3 d.p.s. of total lipidincorporated radioactivity.
LC (liquid chromatography)-ESI (electrospray ionization)-MS/MS (tandem MS)
Details can be found in the Supplementary Online Data at http://www.BiochemJ.org/bj/430/bj4300519add.htm.
Ganglioside analysis
Gangliosides were isolated from 4 × 10 • C, the supernatants were collected and dried, and their phospholipid content was determined [27] . Aliquots containing equal amounts of phospholipid were redissolved in di-isopropyl ether/butan-1-ol (3:2, v/v), and 17 mM NaCl was added. The aqueous phase was re-extracted with di-isopropyl ether/butan-1-ol and subsequently freeze-dried. Samples were dissolved in methanol/water (1:1, v/v) and loaded on to pre-washed Sep-Pak C 18 cartridges. After rinsing in water, gangliosides were eluted with methanol and chloroform/methanol (1:1, v/v). The eluate was concentrated and loaded on to HPTLC plates, which were developed in chloroform/methanol/0.2 % CaCl 2 (11:9:2, by vol.) and stained with Ehrlich reagent. Ganglioside band intensities were quantified using Scion Image Beta 4.0.2 (Scion Corporation) software and compared with a standard curve of G M3 , ranging from 10 pmol to 5 nmol. In some experiments, gangliosides were metabolically radiolabelled by growing the cells for 72 h in the presence of L-[U-
14 C]serine (1.0 μCi/ml). After autoradiography, gangliosidecontaining spots were identified with the aid of standards and scraped from the plates. Radioactivity was measured by scintillation counting (Packard Topcount microplate scintillation counter).
Immunoblot analysis
In the case of equal protein loading, an equal amount of protein from each gradient fraction was precipitated with trichloroacetic acid and resuspended in sample buffer (5 % SDS, 5 % 2-mercaptoethanol, 0.125 M Tris/HCl, pH 6.8, and 40 % glycerol). In the case of equal volume loading, protein from equal volume samples of each gradient fraction was precipitated with trichloroacetic acid and resuspended in sample buffer. The samples were resolved by SDS/PAGE (10 % minigels) and subsequently electrotransferred on to a nitrocellulose membrane (Trans-Blot Transfer Medium membrane, Bio-Rad Laboratories). The membranes were rinsed with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 1.76 mM KH 2 PO 4 , pH 7.4) and incubated for 1 h at room temperature (22
• C) with Odyssey blocking buffer/PBS (1:1, v/v). Membranes were incubated at 4
• C overnight with a primary antibody against MRP1 (1:1000), Src (1:1000), Cav-1 (1:1000) or flotillin (1:1000) in Odyssey blocking buffer/PBS/0.1 % Tween 20. Membranes were rinsed in washing buffer (PBS containing 0.1 % Tween 20) and subsequently incubated for 1 h with the appropriate IR-dyeconjugated secondary antibody (1:5000) (LI-COR) in Odyssey blocking buffer/PBS/0.1 % Tween 20. After rinsing with washing buffer followed by PBS, the immunoblots were scanned with the Odyssey instrument (LI-COR) to visualize the immunoreactive complexes, according to the manufacturer's instructions. Relative quantification of the complexes was performed using the Odyssey software. In some cases, membranes were rinsed with PBS and incubated at room temperature for 1-2 h with 5 % (w/v) non-fat dried skimmed milk in PBS. Membranes were rinsed in washing buffer and incubated for at least 2 h at room temperature with a primary antibody against MRP1 (1:500), Src (1:1000), Cav-1 (1:1000) or flotillin (1:1000) in washing buffer containing 0.5 % non-fat dried skimmed milk. Membranes were rinsed in washing buffer and subsequently incubated for 2 h at room temperature with the appropriate horseradish-peroxidaseconjugated secondary antibody (1:2000) (GE Healthcare) in washing buffer containing 0.5 % non-fat dry milk. Membranes were incubated in ECL (enhanced chemiluminescence) substrate solution (GE Healthcare), according to the manufacturer's instructions, and immunoreactive complexes were visualized by exposure to a Konica Minolta medical film and quantified using Scion Image Beta 4.0.2 software.
Detection of MRP1-mediated efflux by flow cytometric analysis
Cells were harvested by trypsinization, washed with HBSS and incubated with the MRP1 substrate CFDA (0.5 μM in HBSS) at 10
• C for 60 min. Cells were transferred on ice and washed with ice-cold HBSS. Subsequently, the cells were incubated at 37
• C in the presence or absence of the MRP1 inhibitor MK571 (20 μM) for various times. All subsequent steps were performed on ice. The efflux of the fluorescent substrate was stopped by cold centrifugation at 1000 g for 1 min and the cells were resuspended in ice-cold HBSS containing MK571. Retention of fluorescence was determined by flow cytometric analysis using an Elite TM flow cytometer (Beckman Coulter). For each sample, 5000 events were collected and analysed using Win-list 5.0 software (Verity Software House).
RNAi (RNA interference) of serine palmitoyltransferase
Neuro-2a cells were plated at a density of 40 000 cells/ml. After 24 h, cells were transfected with 6 nM siRNA using 2 μg/ml Lipofectamine TM 2000 reagent according to the manufacturer's protocol. After 24 h, the medium was refreshed and the cells were allowed to grow for another 24 h. RNAi treatment was combined with ISP-1 treatment (0.5 μM) during the entire incubation period.
Measurement of cell viability (MTT assay)
Either 1000 (Neuro-2a) or 5000 (BHK/MRP1) cells/well were plated in microtitre plates. For sphingolipid depletion, cells were incubated with ISP-1 (0.5 μM) for 3 days, followed by determination of viable cells. In the case of 7 days of treatment, cells were pre-incubated with ISP-1 (0.5 μM) for 4 days, subsequently trypsinized and plated in the presence of ISP-1. At 3 days after plating, viable cells were determined. Alternatively, during the last day of the 7-day treatment, incubation with ISP-1 was performed in serum-free medium. The MTT assay was performed as described previously [28] . Briefly, 100 μg of MTT was added to each well, and cells were incubated for 2 h at 37
• C. Plates were then centrifuged at 900 g for 15 min and the supernatants were removed. Pellets were dissolved in DMSO and absorbance was measured in a microtitre plate reader (μQuant, Bio-Tek Instruments) at 570 nm. The background absorbance was subtracted from all values and data are expressed as percentages compared with untreated control cells (=100 %). Alternatively, the MTT signal was expressed relative to protein content, as determined in a parallel set of cells.
RESULTS
Efficient depletion of sphingolipid content
The serine palmitoyltransferase inhibitor ISP-1 (0.5 μM) efficiently depleted sphingolipid content in Neuro-2a cells upon a 3-day incubation. The pool of sphingolipids was reduced by 88 + − 5 % (n = 3), as determined by equilibrium radiolabelling ( Figure 1A ). Depletion was highly efficient for Cer and glycosphingolipids and slightly less for SM ( Figure 1A ). Measurement of endogenous sphingolipid mass using LC-ESI-MS/MS gave similar results: levels of Cer and glycosphingolipids were depleted by at least 90 % in whole cells ( Figure 1B ). SM depletion again was slightly less efficient (87 %). Importantly, when sphingolipids were analysed in DRM fractions, a highly efficient depletion by ISP-1 was also observed, indicating that depletion was not confined to non-lipid raft membrane regions ( Figure 1C ). Highly efficient depletion of sphingolipids by ISP-1 was also confirmed in detergent-free lipid raft fractions ( Figure 1D ). In BHK/MRP1 cells, similar results were obtained with ISP-1, although depletion was somewhat less efficient ( Figure 1E ). In addition, we measured the level of gangliosides in Neuro-2a cells (Figure 2 ). HPTLC analysis showed that G M3 , the only ganglioside present in Neuro-2a cells, was undetectable in ISP-1-treated cells, indicating that ganglioside mass was very efficiently reduced by ISP-1 treatment. In BHK/MRP1 cells, gangliosides were undetectable in control cells, both by Ehrlich staining and by autoradiography after radiolabelling using L-[U-14 C]serine. Using a standard curve of G M3 , we estimated the amount of gangliosides in these cells to be less than 10 pmol/10 6 cells, which is less than 0.7 % of the total sphingolipid pool. In Neuro-2a cells, the amount of G M3 is 350 pmol/10 6 cells, which is 5.6 % of the total sphingolipid pool.
The depletion of sphingolipids using ISP-1 did not significantly (unpaired Student's t test; P > 0.05) affect Neuro-2a cell viability, as determined using a MTT assay. Cell viability was 88.4 + − 16.8 % (n = 6) for ISP-1-treated cells compared with control cells (=100 %).
Depletion of sphingolipids does not abrogate Lubrol-based DRM isolation
Surprisingly, when Neuro-2a cells were efficiently depleted of sphingolipids, we were still able to isolate Lubrol-based DRMs from these cells (see Supplementary Figure S1 at http://www. BiochemJ.org/bj/430/bj4300519add.htm). First of all, the protein content of these DRMs, i.e. the protein profile of the sucrose gradient fractions, was identical with that of control cells (see Supplementary Figure S1A ). Also the gradient distributions of established DRM protein markers Src, Cav-1 and flotillin were indistinguishable between ISP-1-treated and control cells ( Figure 3A) . Indeed, quantification of these typical blots using the Odyssey protocol showed that the percentage of these lipid raft markers found to be associated with lipid rafts did not differ between control and ISP-1-treated cells ( Figure 3B ). This was also the case in two other independent experiments, when quantification was performed using Scion Image software on protein bands stained with the ECL procedure (results not shown). Given these results, it was important to establish that sphingolipid depletion actually diminished the DRM-associated lipid pools. Alternatively, DRM-associated sphingolipids could have been spared upon treatment with ISP-1. However, as indicated above, results with isolated Lubrol-based DRMs ( Figure 1C) showed that Cer and glycosphingolipids were depleted by at least 90 % and for SM again somewhat less efficiently (84 %). We conclude that efficient DRM depletion of sphingolipids did not hamper the potential to isolate DRMs from Neuro-2a cells.
Similar results were obtained when equal amounts of protein from all gradient fractions were processed for immunoblotting instead of equal volumes of gradient fractions. The difference is that with equal volume loading, the final result reflects the distribution of the absolute amount of a given protein on a gradient, whereas with equal protein loading, the result reflects the abundance of a given protein relative to total protein in a gradient fraction. The latter thus indicates the enrichment of a given protein in DRM fractions. Also with this procedure, raft association of the markers Src and Cav-1 was similar in control and ISP-1-treated cells (see Supplementary Figure S2A at http://www.BiochemJ.org/bj/430/bj4300519add.htm).
Similar observations were made in BHK/MRP1 cells. Also in these cells, ISP-1 treatment did not abrogate the potential to isolate DRMs, based on gradient protein profile (see Supplementary Figure S1B ) and gradient distribution of Src and Cav-1 (see Supplementary Figure S2B ). Thus these properties are not restricted to a single cell type.
Depletion of sphingolipids does not abrogate detergent-free lipid raft isolation
It is conceivable that the properties of DRMs as isolated by detergents, such as Lubrol, are strongly influenced by the use of detergent. Therefore we additionally used a detergent-free method for the isolation of lipid rafts and tested the effect of sphingolipid depletion on the integrity of these domains. We first characterized the gradient fractions in terms of cholesterol and sphingolipid enrichment. For this purpose, fractions 1 and 2 were pooled, as well as fractions 3 and 4, 5 and 6, and 7-9. Fractions 1 and 2 were most strongly enriched in both cholesterol ( Figure 4A ) and sphingolipids ( Figure 4B ), and to a lesser extent also fractions 3 and 4. This indicates that fractions 1 and 2, with the lowest buoyant density, optimally fulfil the criteria for lipid rafts. Also with this detergent-free approach, lipid rafts could be isolated from sphingolipid-depleted Neuro-2a cells with protein profiles similar to those of control cells ( Figure 4C ). In addition, the cholesterol profile ( Figure 4D ) was unchanged in ISP-1-treated cells, as well as the phospholipid profile ( Figure 4E ). The gradient distributions of the classical lipid raft markers Src, Cav-1 and flotillin were not changed upon treatment with ISP-1 ( Figure 5A ). This was confirmed by quantification of the blots using the Odyssey protocol showing that the percentage of these lipid raft markers found to be associated with lipid rafts did not differ between control and ISP-1-treated cells ( Figure 5B ). It is important to note that sphingolipid depletion by ISP-1 was equally effective in detergent-free lipid raft fractions as in whole cells ( Figure 1D ). Also in BHK/MRP1 cells, the gradient distributions of Src and Cav-1 were not changed by ISP-1 ( Figure 5C ), again indicating that the effect is not cell-type-specific.
Depletion of sphingolipids does not result in major changes in glycerophospholipid composition and cholesterol content in cells or detergent-free lipid rafts
It is conceivable that the glycerophospholipid composition had changed in cells and/or lipid rafts with low sphingolipid levels after ISP-1 treatment as a compensation mechanism for the loss of sphingolipids. If this were the case, we would expect to find increased levels of long-chain saturated fatty acids in glycerophospholipids, since these are considered to be enriched in lipid rafts. In addition, changes in headgroup composition of glycerophospholipids could have occurred. We employed LC-MS to analyse glycerophospholipids in terms of headgroup and fatty acid composition as well as total amount of glycerophospholipids. In whole Neuro-2a cells after 3 days of ISP-1 treatment, there were no significant changes in the total glycerophospholipid content ( Figure 6A ) or in the content of PA (phosphatidic acid), PC (phosphatidylcholine), PE (phosphatidylethanolamine), PG (phosphatidylglycerol), PI (phosphatidylinositol) or PS (phosphatidylserine) ( Figure 6F ). There were also no significant changes in the content of the lyso-forms of PE, PG and PI, or plasmalogens (results not shown). Concerning fatty acid composition of glycerophospholipids, minor changes were observed: several relatively short-chain PAs, PCs, PEs and PIs were significantly reduced upon ISP-1 treatment (see Supplementary Table S1 at http://www.BiochemJ.org/bj/430/bj4300519add.htm).
Next we analysed the glycerophospholipid composition of detergent-free lipid rafts isolated from Neuro-2a cells. First, it became apparent that headgroup class composition of detergentfree lipid rafts was quite different from that of whole cells, detergent-free lipid rafts being enriched in PC and PS and relatively poor in PE and PG, whereas PA and PI were similar (compare Figure 6G with Figure 6F ). Relatively short-chain and saturated fatty acid species contributed most to the enrichment of PC and PS in detergent-free lipid rafts (results not shown). Secondly, the effect of ISP-1 on glycerophospholipid composition of detergent-free lipid rafts was confined to a significant decrease in several PA species, whereas the decrease in the total pool of PA was not significant, and a highly significant 38 % increase in PC (C 32:0 ) (see Supplementary Table S1 ). Similar to the situation in whole Neuro-2a cells, there were no significant changes in the total glycerophospholipid content of detergent-free lipid rafts isolated from Neuro-2a cells after 3 days of ISP-1 treatment ( Figure 6B) .
In BHK/MRP1 cells, ISP-1 treatment did not result in significant changes in the total glycerophospholipid content ( Figure 6C ) or in the content of PA, PC, PE, PG, PI or PS ( Figure 6H ). Concerning fatty acid composition of glycerophospholipids, some changes were observed: several PEs, PGs and, more prominently, PIs were significantly reduced upon ISP-1 treatment (see Supplementary Table S1 ). This concerned mostly longer-chain fatty acid species.
The cholesterol content of Neuro-2a was not affected by ISP-1 treatment ( Figure 6D ). The cholesterol content of Neuro-2a-derived detergent-free lipid rafts showed an increase in ISP-1-treated cells, but this was not significant ( Figure 6E ).
Residual sphingolipids after ISP-1 treatment have a different fatty acid profile compared with control cells
We also analysed the fatty acid composition of the sphingolipids that remain after ISP-1 treatment. First, the fatty acid composition of sphingolipids in control Neuro-2a cells was relatively simple. In glycolipids, approx. 90 % was contributed by C 16:0 , C 24:0 and C 24:1 species. In SM, approx. 80 % were C 16:0 species (Figure 7) . A comparable distribution was observed in BHK/MRP1 cells (results not shown). Secondly, ISP-1 treatment differentially affected fatty acid species in both Neuro-2a and BHK/MRP1 cells. Residual sphingolipids were relatively rich in short-chain species and relatively poor in C 24:0 and C 24:1 species (Table 1) . This pattern was, to a certain extent, reflected in Neuro-2a-derived detergent-free lipid rafts ( Table 1) .
Depletion of sphingolipids does not affect MRP1 efflux activity or its localization in DRMs/detergent-free lipid rafts
We next determined whether the DRM/lipid raft localization as well as the function of MRP1, a drug-efflux pump active in both Neuro-2a and BHK/MRP1 cells, were affected by depletion of sphingolipids. This protein was chosen in view of its relevance to MDR, its association with Lubrol-based DRMs and the potential modulation of its activity by sphingolipids. To study its function, we tested MRP1-mediated carboxyfluorescein efflux activity. Untreated or ISP-1-treated Neuro-2a cells were loaded with CFDA. Efflux activity was determined on the basis of fluorescence retention after cells were incubated at 37
• C. The MRP1 inhibitor MK571 was used as a positive control for inhibition of MRP1-mediated efflux activity. MRP1-efflux activity was very similar in ISP-1-treated cells compared with control ( Figure 8A ). Thus depletion of sphingolipids using ISP-1 did not affect MRP1 efflux activity. Accordingly, there was no effect on the DRM ( Figures 3A and 3B and see Supplementary Figure S2A ) or detergent-free lipid raft ( Figures 5A and 5B ) localization of the ABC transporter, as indicated by a very similar gradient distribution profile compared with that in control cells. Similarly, in BHK/MRP1 cells, the absence of an effect of ISP-1 on MRP-1-mediated efflux ( Figure 8B ) correlated with an unchanged gradient distribution of MRP1 ( Figure 5C and see Supplementary Figure S2B ).
Combined ISP-1/serine palmitoyltransferase RNAi treatment or long-term ISP-1 treatment does not further reduce sphingolipid levels
We have made several attempts to reduce even further the cellular sphingolipid levels. First, in Neuro-2a cells, we combined ISP-1 treatment for 3 days with RNAi directed against SPTLC1 or SPTLC2 or both to down-regulate the first enzyme in sphingolipid biosynthesis. Down-regulation was effective as indicated by residual levels of 67.3 + − 26.0 % (n = 3) LCB1 for RNAi directed against SPTLC1 and 27.7 + − 18.0 % (n = 3) LCB2 for RNAi directed against SPTLC2. Combined use of siRNA for SPTLC1 and SPTLC2 resulted in levels of 70.8 + − 7.6 % (n = 3) LCB1 and 42.7 + − 11.4 % (n = 3) LCB2 (see Supplementary Figure S3 at http://www.BiochemJ.org/bj/430/bj4300519add.htm). However, none of these treatments combined with ISP-1 reduced the level of sphingolipids further as compared with ISP-1 treatment, but rather resulted in higher residual levels (see Supplementary Figure S4 at http://www.BiochemJ.org/bj/430/bj4300519add.htm). Secondly, we incubated Neuro-2a and BHK/MRP1 cells for 7 days in the presence of ISP-1. The final day of this treatment was performed in medium without serum, to prevent uptake of sphingolipids by the cells from the medium. Under these conditions, we did not observe further reduction of the level of sphingolipids as compared with ISP-1 treatment for 3 days (see Supplementary Figure S4 ). The viability of the cells started to be affected with this very long-term ISP-1 treatment (see Supplementary Figure S5 at http://www.BiochemJ. org/bj/430/bj4300519add.htm). Given that sphingolipids were not reduced further and side effects started to become apparent, we decided not to pursue further analysis of lipid rafts and MRP1 localization and function under these conditions.
DISCUSSION
Lipid rafts are subdomains of the plasma membrane that contain high concentrations of cholesterol and sphingolipids. They appear to be small in size, but together may constitute a relatively large fraction of the plasma membrane [29, 30] . The high content of glycosphingolipids and SM in DRMs gave rise to two different models for lipid raft formation. The first model points out the importance of the relatively long length and high saturation of the acyl chains of glycosphingolipids and SM for raft formation. This allows close packing of the lipids, resulting in a high melting temperature (T m ). Self-aggregates of sphingolipids form a separate phase that is less fluid (liquid-ordered) than the bulk liquid-disordered phospholipids. Cholesterol is recruited to these aggregates, due to its ability to pack tightly with lipids of high T m [2, 3] . According to the second model, lipid rafts are primarily clusters of glycosphingolipids and SM held together through hydrogen-bonding between glycosphingolipid headgroups and close packing of the sphingolipids. Cholesterol fills up the gaps between the bulky heads of the glycosphingolipids [30] .
Interestingly, although glycosphingolipids are enriched in lipid rafts, they do not appear to be essential for the formation of these membrane domains [31] . It was shown that glycosphingolipiddeficient GM95 melanoma cells had similar amounts of DRMs compared with control cells. The loss of glycosphingolipid mass in these cells due to mutation of the gene encoding GCS was exactly compensated for by an increase in SM mass (M. van Riezen, J.W. Kok and Merrill, Jr, A.H., unpublished work). Glycosphingolipids in DRMs of GM95 cells had been replaced by SM [31] . In the present study, we show for the first time that, even under conditions when both glycosphingolipids and SM, in fact all sphingolipids, are efficiently depleted from Neuro-2a cells during long-term (72 h) ISP-1 treatment, these cells still have similar amounts (protein content) of DRMs compared with control cells. In addition, three established lipid raft markers, Src, Cav-1 and flotillin, were associated with lipid fractions to the same extent in control and ISP-1-treated cells. In this respect, it is important to note that our sphingolipid-depletion procedure resulted not only in efficient reduction of the total cellular pools of these lipids, but was also highly effective in sphingolipid depletion from DRMs. This leads to the conclusion that DRMs can be isolated from cells which are severely depleted of sphingolipids. Thus a minor amount of sphingolipids appears to be sufficient for the integrity of lipid rafts as defined by detergent isolation. Moreover, formation of new lipid rafts seems to occur in cells with low levels of sphingolipid synthesis since new lipid raft formation is bound to occur during the long-term (72 h) ISP-1 treatment. We made several attempts to decrease even further sphingolipid levels below 10 % of control (Neuro-2a cells). This was done by either combining pharmacological inhibition of SPT using ISP-1 with down-regulation of SPT using RNAi or by lengthening the incubation time with ISP-1 to 7 days, with the last day being in combination with serum-free medium. Both procedures did not further reduce sphingolipid levels beyond those obtained after 3 days of ISP-1 incubation. Thus depletion of sphingolipids to approx. 10 % of control, as occurred in Neuro-2a cells, appeared to be the maximum possible effect. For BHK/MRP1 cells, this was approx. 20 % of control.
The use of detergents to isolate lipid rafts has been the subject of extensive discussion and criticism [19, [32] [33] [34] [35] . It has been suggested that detergents induce artefacts, e.g. reorganization of molecules during the process of lipid raft isolation. Therefore we additionally employed an established detergent-free method for lipid raft isolation [7] . We first characterized the gradients and showed that fractions 1 and 2 were highly enriched in cholesterol and sphingolipids, hallmarks of lipid rafts. As in the case of DRMs, detergent-free lipid rafts could also be readily isolated from cells after severe depletion of sphingolipids, as indicated by a similar protein profile in the gradients of control and ISP-1-treated cells. Moreover, the gradient distributions of cholesterol and phospholipids were also indistinguishable between control and ISP-1-treated cells. Finally, the classical lipid raft markers Src, Cav-1 and flotillin displayed similar associations to lipid raft fractions in control and ISP-1-treated cells. Thus, in addition to DRMs, detergent-free lipid rafts can be readily isolated from sphingolipid-depleted cells and have very similar properties, except for the levels of sphingolipids. We have shown that these properties of DRMs and detergent-free lipid rafts are not confined to or specific for a single cell type, i.e. Neuro-2a cells. Similar results were obtained with a different cell type, i.e. BHK/MRP1 cells.
It is conceivable that the glycerophospholipid composition had changed in cells and/or lipid rafts with low sphingolipid levels after ISP-1 treatment as a compensation mechanism for the loss of sphingolipids. If this were the case, we would expect to find increased levels of long-chain saturated fatty acids in glycerophospholipids, since lipids with these fatty acids are considered to be enriched in lipid rafts. In addition, changes in headgroup composition of glycerophospholipids could have occurred. However, detailed analysis of glycerophospholipid composition by LC-MS showed that there were no changes in headgroup composition of or the total amount of glycerophospholipids after 3 days of ISP-1 treatment in Neuro2a or BHK/MRP1 cells or in lipid rafts derived from Neuro-2a cells. We did observe several changes in the fatty acid profile of glycerophospholipids in both Neuro-2a and BHK/MRP1 cells. Most of these changes appeared to be decreases of specific glycerophospholipid species with no clear similarity between the two cell types. These are not likely to be compensatory for the loss of sphingolipids in lipid rafts. In fact, detergent-free lipid rafts derived from Neuro-2a cells displayed a reduction of several PA species, which was hardly observed in whole cells. More interestingly as a potential compensatory mechanism, detergent-free lipid rafts displayed a highly significant relative increase in PC (C 32:0 ). This represents PC species with C 16:0 fatty acids or a combination of C 14:0 and C 18:0 fatty acids. Thus saturated, but short-chain rather than long-chain, fatty acids in glycerophospholipids are favoured and this suggests matching with the fatty acid composition of sphingolipids. The latter is skewed towards C 16:0 under control conditions and much more in the residual sphingolipid pool in ISP-1-treated cells.
One of the best-characterized MDR mechanisms is the overexpression of energy-dependent drug-efflux proteins of the ABC transporter protein superfamily, which prevent intracellular drug accumulation. Pgp (or ABCB1) and MRP1 (or ABCC1) are the most widely studied among these proteins. Both ABC transporters are known to depend on their direct lipid environment for optimal functioning [36] [37] [38] . Lavie et al. [9] were the first to show the association of an ABC transporter with a membrane domain in intact cells. They found that a substantial fraction of Pgp was located in Cav-1-containing Triton X-100-based DRMs in Pgp-overexpressing cells. On the other hand, it was shown that Pgp and MRP1 were not associated with caveolae in two human MDR tumour cell lines [11] . Both MRP1 in HT29 col MDR tumour cells and Pgp in 2780AD MDR tumour cells were found to be enriched in membrane domains defined by their insolubility in the non-ionic detergent Lubrol. It was shown previously that inhibition of GCS and hence depletion of glycosphingolipids did not affect MRP1 efflux activity in HT29 col cells [39] or in human neuroblastoma cells [18] . As noted above, other sphingolipids, probably SM and Cer, can compensate for the loss of glycosphingolipids under the conditions of GCS inhibition. In the present study, we have shown for the first time that extensive depletion of all sphingolipid classes, including Cer and SM, does not affect MRP1 efflux activity.
These results are in line with a recent analysis of the lipid composition of Lubrol-and Triton X-100-based DRMs. Sphingolipids were less enriched in Lubrol-based DRMs compared with Triton X-100-based DRMs. Instead, Lubrol-based DRMs contained relatively large amounts of the phospholipids PE and PS [40] . A layered raft model was proposed in which Lubrolbased DRMs consist of a highly sphingolipid-enriched Triton X-100-insoluble core, surrounded by a Triton X-100-soluble region, which contains relatively high levels of cholesterol and specific aminophospholipids and harbours most of the DRM-associated ABC transporter molecules [41, 42] . Thus sphingolipids are more enriched in ABC transporter-poor subdomains of DRMs and hence do not affect ABC transporter function. A similar situation may occur for detergent-free lipid rafts, which are likely to consist of a larger membrane area than Triton X-100-based DRMs. According to the same model, detergent-free lipid rafts also have this Triton X-100 insoluble core [41, 42] .
In conclusion, we have shown that highly efficient depletion of sphingolipids does not abrogate the ability to isolate DRMs or detergent-free lipid rafts from cells. DRM and lipid raft fractions showed similar protein, cholesterol and phospholipid profiles in sphingolipid-depleted and control cells, whereas the gradient distributions of classical lipid raft markers were indistinguishable between the two. The fatty acid profile of the remaining sphingolipids as well as that of the glycerophospholipid PC shows an increase in highly saturated C 16 species in detergent-free lipid rafts, whereas the glycerophospholipid headgroup composition is unchanged. Moreover, lipid raft localization as well as efflux function of the ABC transporter MRP1 were not affected by sphingolipid depletion. This uncouples MRP1 function not only from glycosphingolipids, but from all sphingolipid species. 
MATERIALS AND METHODS
LC-ESI-MS/MS
Sphingolipids were extracted and analysed by LC-ESI-MS/MS on a PE-Sciex API 3000 triple-quadrupole mass spectrometer equipped with a turbo ionspray source as described previously [1] . HPLC separation was performed as described previously [2] , with the following changes: an APS-2 Hypersil 150 mm × 2.1 mm column (Thermo Electron) was used and the flow rate was 200 μl/min. N 2 was used as the nebulizing gas and drying gas for the turbo ionspray source. The ion spray needle was held at 5500 V, and the orifice and ring voltages were kept low (30 and 150 V respectively) to prevent collisional decomposition of molecular ions before entry into the first quadrupole; the orifice temperature was set to 500
• C. N 2 was used to collisionally induce dissociations in Q2. Multiple reaction monitoring scans were acquired by setting Q1 and Q3 to pass the precursor and product ions of the most abundant sphingolipid molecular species. MRM transitions and collision energies for each species were taken from The effect of ISP-1 treatment (3 days of incubation with 0.5 μM ISP-1) on the fatty acid profile of glycerophospholipids in Neuro-2a and BHK/MRP1 cells as well as Neuro-2a-derived detergent-free lipid rafts was established by LC-MS/MS. Glycerophospholipids are indicated with the sum of C-atoms of the two fatty acids and the total number of double bonds, since no information on the sn-1 compared with sn-2 positions of the fatty acids could be determined from this data set. PC (C 32:0 ) can be composed of (C 16:0 , C 16:0 ) and/or (C 14:0 , C 18:0 ). Species denoted with e and/or p contain ether (e) or vinyl ether (p) bond at position sn-1. Glycerophospholipids reported in the Table were identified by using LC-MS/MS and established fragmentation patterns [5] . Fold indicates the ratio of the amount of a given glycerophospholipid in ISP-1-treated cells (or detergent-free lipid rafts) divided by the amount in control cells, with a value of 1 indicating no effect of ISP-1 treatment.
Results are means for three independent experiments. Values in bold are those where ISP-1 and control are significantly (P < 0.05) different as determined using a Student's t test. a modified Bligh and Dyer procedure [4] . Approx. 10 7 cells in a pellet in cold 1.5-ml microfuge tubes (Laboratory Product Sales) were vortex-mixed with 800 μl of cold 0.1 M HCl/methanol (1:1) and 400 μl of cold chloroform was added. The extraction proceeded with vortex-mixing (1 min) and centrifugation at 18 000 g for 5 min at 4
• C. Glycerophospholipids from detergentfree lipid rafts were extracted similarly by using acidified methanol. Briefly, an equal volume of ice-cold 0.1 M methanolic HCl and ice-cold chloroform was added to each fraction, and extraction proceeded as described above for the cell pellets. The lower organic phase from each extraction was then isolated and solvent-evaporated (Labconco Centrivap Concentrator). The resulting lipid film was dissolved in 100 μl of propan-2-ol/hexane/100 mM NH 4 CO 2 H (aq.) 58:40:2 (mobile phase A). Glycerophospholipids were analysed on an Applied Biosystems/MDS SCIEX 4000 Q TRAP hybrid triple quadrupole/linear ion trap mass spectrometer. Coupled to this instrument were a Shimadzu HPLC system consisting of a SCL 10 AVP controller, two LC 10 ADVP pumps and a CTC HTC PAL autosampler (Leap Technologies). All samples were separated on a Phenomenex Luna Silica column (2 mm × 250 mm, 5 μm particle size) using a 20 μl sample injection. Lipids were separated using a binary gradient program consisting of mobile phase A and propan-2-ol/hexane/100 mM NH 4 CO 2 H (aq.) 50:40:10 (mobile phase B). The following LC gradient was used: 0-5 min, B = 50 %; 5-30 min, B = 50-100 %; 30-40 min, B = 100 %; 40-41 min, B = 100-50 %; and 41-50 min, B = 50 %. The mobile phase was delivered at a flow rate of 0.3 ml/min. The MS spectra were acquired in negative instrument mode using a turbo spray source operated at 450
• C with an ion voltage of −3500 V and N 2 as curtain and nebulizer gas. The curtain gas was 30 l/h, and ion source gases 1 and 2 were both 50 l/h. The declustering potential was −110 V, and the collision energy was −5 V. Scan type: EMS, unit resolution for Q1; scan rate: 1000 a.m.u./s; scan range from m/z 350 to 1200, with the ion trap set for dynamic fill time.
